Nowadays, spintronics devices and magnetic media have to operate at the gigahertz regime (i.e. with ns reversal times). Magnetic thin films are widely used and studied because the ability of their magnetization to precess/reverse in a high frequency-short time range (several GHz/ns) [1, 2] . For high-frequency applications, these magnetic materials need to have a large permeability in a broad frequency range [3] . The key parameters that govern spin dynamics are the saturation magnetization, the effective field and the (Lande) factor [4] .
FeCo alloy should be, at first glance, one of the most competitive candidates because of its high saturation magnetization M S (2.45 T). However, as-deposited FeCo films exhibit high coercive field ranging from 100 to 200 Oe, inplane isotropic magnetic anisotropy and a large magnetocrystalline anisotropy which hinders the high-frequency applications ( [5] and references therein). A solution is to produce amorphous CoFe-based alloys by alloying metalloid into the FM matrix: the addition of a metalloid in the ferromagnet (FM) destroys the cristallinity, (a) E-mail: david.spenato@univ-brest.fr reduces the saturation magnetization and the coercivity. In addition, it is possible to induce a uniaxial magnetic anisotropy (UMA) in such thin films [6] . Consequently, in the last two decades many studies have focused on amorphous thin ferromagnetic films such as CoFeX (X=Zr [7] , Hf [8] , B [6] . . . ). These alloys are very attractive for high-frequency applications because of their large magnetization (M S ) (due to the presence of CoFe), their large UMA, their relative softness (i.e., low coercitive field H c ) and their high resistivity (to avoid eddy current losses) [3, 9] . Moreover, they are also promising candidates either for electrode in magnetic tunnel junctions (MTJs) [10, 11] , for current-driven switching at low current densities or for hybrid magnetic-ferroelectric systems [12] . Apart from high M S and low H c , damping is an interesting problem because it determines in the free layer the critical switching current in spin-torque-transfert (STT) bases devices [13, 14] and then the power consumption in STT based MRAM.
Despite the great technological importance of CoFebased alloys, many fundamental questions about their magnetic properties remain open such as the origin of the
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UMA in such films [15] . In low-dimensional systems (i.e., thin films, nano wires and nano dots) interfaces play a major role, and understanding the effect of the interface on the driving parameters for the magnetization processes is crucial for both fundamental physics and engineering. For example, the broken symmetry of an interface has long been known to change the orbital and spin moments at the interface compared to the bulk region (see, for example, [16] and [17] and references therein). Moreover, dynamic studies for various frequencies and low thickness range for CoFe alloys is still missing: most of the studies deal with rather thick films (several tens of nm [18, 19] ), focus on CoFeB and very few alternative amorphous alloys are studied. There is a lot of dispersion in the report dynamic properties, thus a detailed knowledge about such properties in these polymorphic structures is of essential importance to address this lack.
In this article we show that an in-plane magnetic anisotropy (UMA) and magnetic softness may be induced in crystalline CoFeZr/Al 2 O 3 bilayers, commonly assumed to be inherent to amorphous phase of such alloys. We report an systematic study of the FM thickness on the fundamental dynamic parameters such as the g-factor and relaxation mechanisms. Indeed, we reveal that the low dimensionality drives the magnetization properties.
Co 28 Fe 65 Zr 7 (t FM )/Al 2 O 3 (5 nm) bilayers where grown by standard RF diode sputtering onto Si (111) substrates. A CoFe target with Zr chips was used and the composition was checked with Electron Probe Micro Analysis (EPMA) measurements. The base pressure prior to the film deposition was typically 10 −7 mbar. The FM CoFeZr thicknesses were t FM =3 , 3.5, 4, 5, 6, 7, 11, 16 and 20 nm. An in-plane magnetic field of 2.4 kA/m was applied, during deposition, to induce a UMA. Structural analysis were performed by TEM experiments on cross-sectional lamellas, thinned by mechanical polishing and argon ion milling at low temperature using a Gatan Precision Ion Polishing System equipped with a liquid nitrogen cooling system. The samples were examined in high resolution electron microscopy (HREM) on a TECNAI F-20 operating at 200 kV, equipped with a spherical aberration corrector to avoid the delocalization effect at interfaces and to achieve a 0.12 nm resolution. Static magnetic measurements where made with a vibration sample magnometer (VSM).
Typical magnetization curves of as-deposited CoFeZr films on Si (111) substrate are shown in the inset of fig. 1(a) . The angle between the in-plane magnetic field and the deposition field direction may be tuned during measurement. On this figure it is clear that an UMA in the film is induced and that the easy axis is parallel to the deposition field direction. Besides, the addition of Zr have successfully changed the magnetocristalline anisotropy generally observed in the FeCo. This has been observed on our samples whatever the FM thickness s. In o r d e rt og od e e p e r ,w eh a v ec h e c k e dt h em i c r o -s t r u c t u r e through HRTEM ( fig. 1(c) ). For the thinner sample (3 nm) the HTREM reveals (not shown) amorphous and crystallized parts. One should notice that the roughness is less than 1 nm. Surprisingly, the HRTEM shows a polycrystalline structure of the CoFeZr layer for all the other thickness 5 to 20 nm. Indeed it demonstrates that UMA and magnetic softness (low coercivity) may be induced in polycristalline CoFeZr alloys, generally considered proper to amorphous alloys in such composition [7, 20] .
In fig. 1 (a) we show the thickness dependence of both coercive and anisotropy field. Quantitatively, our samples present good softness (coercive about a 1 to 3 kA/m) and UMA field that lies in the range 20 to 40 kA/m.
The magnetization dynamics was probed with two broadband techniques on a selection of samples (i.e.,3 , 5, 6, 7, 16 and 20 nm). The first one is ferromagnetic resonance (FMR) which was investigated within a range of microwave frequencies between 3 and 40 GHz using a wideband resonance spectrometer with a non-resonant micro-strip transmission line [21] . The FMR is measured via the derivative of the microwave power absorption (dP/dH) using a small rf exciting field. Resonance spectra were recorded with the applied static magnetic field oriented in-plane at an angle of 90 degrees relative to the depositing field. The second technique is the complex permeability frequency spectra (CPS) measured from 30 MHz to 3 GHz on samples with thickness from 7 to 20 nm using a broadband method based on the measurement of the reflection coefficient S 11 of a single-turn coil loaded by the film under test with a network analyser. In such coil, for the frequency band used, we consider that the electromagnetic field is propagating in a transverse electromagnetic (TEM) mode. When the film is in the coil, because of the small magnetic volume, the perturbation of the EM field by the magnetic film is small and the EM field can still be considered as TEM (called quasi-TEM approximation [22] .
In FMR, the measured resonance frequency as a function of resonance field is linear when the anisotropy contributions are much smaller than the applied magnetic field and it allows to determine the g-value and the effective magnetization (M eff ). Since surface anisotropies may exist (due to the broken symmetry of the interface) and be substantial for very thin samples, the resonance condition in the perpendicular configuration (i.e., the applied magnetic field perpendicular to the film plane) is [23] ω res
where H res is the resonance field, γ =( gµ B )/h is the gyromagnetic ratio, K ⊥ is the perpendicular magnetic anisotropy coefficient andh is the reduced Planck's constant. Measurement of M eff and g is straightforwardly achieved by measurements of the resonance field H res for several frequencies and using eq. (1). The evolution of M eff vs. the FM thickness is presented in fig. 1(b) . The observed decrease of M eff is generally observed in ultrathin films and is often explained by the existence of a surface anisotropy term, consisting of the different interface contribution [17, 23] . Indeed, this value has to be compared with the one obtained from static measurements (i.e., M S ). A plot of the saturation magnetization M S is also presented in fig. 1(b) . Obviously, the measured values of both M s and M eff are almost identical, whatever the FM thickness. It means that the surface anisotropy is negligeable. Thus, the reduction of the effective magnetisation M eff with thickness is due to a diminution of the saturation magnetisation related to low-dimensionality effect and not to surface anisotropy effect (which one may naively predict with the model above (eq. (1)). Moreover the good 1/t FM dependence of both M eff and M s (inset of fig. 1(b) ) suggest that there is a low-dimensionality dependence in this thickness range. according to [24] . (c) Thickness dependence of the extrinsic contribution ΔH0 in CoFeZr. (d) Intrinsic damping parameter deduced from FMR linewidth (α (FMR)) and the apparent damping (αapp (CPS)) deduced from Complex permeability measurements.
The fundamental quantity which characterizes the magnetic moment is the g-factor, it is directly related to the ratio of the orbital and spin momentum (µ L /µ S =(g−2)/2)) according to [24] ). In 3d transition elements the orbital momentum is quenched by the strong crystalline field and therefore the g-factor is close to the value of the free electron (i.e., g = 2). Nevertheless the g-factor is known to depend on composition (for example in FeCo alloys [25] ) and to be anisotropic [17, 26] . Moreover, g is strongly influenced by surface and interface effects as it depends on the local symmetry. Such interface effects may lead to strong enhancements of µ L /µ S ratios (for example in Fe/V superlattices [16] ) or to a decrease with an 1/t law of the g-factor [17] . These effects are often related to geometric the confinement in the samples that causes a perturbation of the electron orbits at the interface or hybridization [17, 27] .
The values of the g-factor (extracted from FMR data), plotted as a function of the FM thickness is given in fig. 2(b) . The g-factor decreases with decreasing thickness, consistent with previous studies in metallic thin films [17, 23] . For the larger thickness, the value of the g-factor 2.15, which lies in the range of the bulk values of Fe (2.09) and fcc Co (2.15) [24, 25] . Recent studies have mentioned values from 2.13 in CoFeZr/AlZr/CoFeZr [28] and values from 2.159 to 2.186 depending on the Co-to-Fe ratio and the cristalinity of 1 nm thick CoFeB films [29] . Nevertheless our study reveals that the g-factor decreases as the thickness decreases to reach 2.04. This result shows that in CoFeZr we observe g-factor values which is pretty close from the free electron value indicating a small spin-orbit interaction as observed in Heusler alloys NiMnSb [30] . Since the g-factor describes the ratio of the orbital to spin moments (see above), it is interesting to plot the values of µ L /µ S vs. the FM thickness, the results are presented in fig. 2(a) . In amorphous films, due to the lack of long-range ordering of atomic positions, one would expect that the degree of quenching of orbital momentum is quite low, leading to a high g-factor value. However, the g-factor determined here indicates that the orbital moment might still be partially quenched due to the polycrystalline state of our samples. Moreover, the µ L -to-µ S ratio decreases from 0.08 to 0.02 with decreasing thickness. It should be noted that a recent study demonstrated that, in the amorphous state of CoFeZr [31] , the µ L /µ S diminishes for both Fe and Co when the CoFeZr layer is decreased in thickness. It should be noted that a reduction of the magnetization we observed cannot be explained by the orbital moment. Indeed, the contribution from the hybridisation of the ferromagnetic layer at the interface with the non magnetic layer should be important in these effects. However more complementary experiments are necessary (such as X-ray circular dichroism) to determine the specific contribution of both Co and Fe to these magnetic properties.
The other fundamental quantity that characterizes the high-frequency response of a ferromagnetic material is the damping, which is usually taken into account by a phenomenological term in the well-known equation of motion for the magnetization M in an effective field H eff [32] :
In eq. (2), γ is the gyromagnetic ratio, and α is the mean Gilbert phenomenological damping parameter.
In the parallel FMR configuration, with the magnetization parallel to the applied field, the time derivative dM/dt Gilbert term in the equation of motion produces a FMR linewidth linear with the microwave frequency f. However, in many magnetic systems, while a linear behaviour is observed, the linewidth fails to extrapolate to zero with vanishing frequency. This zero-frequency contribution ∆H 0 reflects the effect of magnetic inhomogeneity on the linewidth. Thus, frequency dependent studies provide intrinsic and extrinsic (∆H 0 ) contributions to the relaxation. The field-swept linewidth, in a given direction, may be written as [33] 
where ∆H 0 is the inhomogeneous broadening. The second term is the Gilbert contribution that represent intrinsic contribution. One should note that non-linear behaviour may be observed and attributed to two-magnon scattering ( [34] and references therein). It is not effective when the magnetic field is applied perpendicular to the film plane, but may be important for the other direction [35] . As observed in fig. 2(a) , the FMR linewidth, ∆H PP ,i s linearly dependent on the microwave frequency, whatever the FM thickness is. For higher frequencies non-linear behavior could be observed du to two magnon processes [35, 36] . We have not observed such non-linear behavior over our entire experimental frequency range. This result suggest that two-magnon scatering is not significant in our thickness range (from 3.5 to 20 nm), but could be significant at lower thickness as observed in CoFeB free layers in MgO-based magnetic tunnel junction [37] .
From these data, we have extracted both extrinsic ( fig. 2(c) ) and intrinsic (( fig. 2(d) ) contribution to the FMR linewith for different FM thickness s. On these figures, is is clear that a broad valley with a minimum at around a FM thickness of about 6 nm is observed. Before this thickness, the intrinsic damping parameter decreases from α =0.01064 at 3 nm to 0.0056 at 7 nm. Such a decrease of the damping parameter has been observed in this thickness range (from 1 to 7 nm) on NM/FM and the authors have explained it in terms of two magnon scattering and spin pumping [38] . This argument does not support our data since this effect deals with normal metal (NM) adjacent layers and our interfaces are Si/FM/Al 2 O 3 . Above a thickness of 7 nm, both contributions to the relaxation increase with increasing thickness up to α =0 .0111 at 20 nm. Recent studies on CoFeB amorphous alloys [37, 38] show a monotonic decrease of the Gilbert damping parameter with the FM thickness attributed to partially spin-pumping effect and other non local effects [37] . Moreover, the Gilbert damping constant may be strongly correlated to the g-factor and the magnetization. Indeed it should scale like (g − 2) 2 [39] as was very recently observed in FeCoB ultrathin films [29] . We have not observed such variation in our samples. Nevertheless, our results suggest that the damping can be tuned by varying the FM film thickness. The lowest value for α is 0.0056. These are typical values for low loss metal films [4, 23] and amorphous films [29] . Such a small value of α is advantageous for reducing spin torque critical current in MTJS for example.
Finally we present in fig. 3 a typical complex permeability spectra (CPS) of a CoFeZr with thickness 6 nm, where µ ′ and µ ′′ represent respectively the real and imaginary part of the complex permeability measured perpendicularly to the easy axis. The value of the real part of the permeability µ ′ is about 300 for a resonance frequency of 2.5 GHz. Such a value of µ ′ has not been obtained, as far as we know, for such low thickness. Moreover, these values are similar to the one obtained much thicker (about 100 nm) FeCo alloys such as FeCoSiN [40] or FeCoTaN [9] or FeCoB [41] .
The zero-field apparent damping parameter α app may also be measured from a fit of the complex permeability spectra with analytical formula of the permeability tensor terms [42] . In the fits, the values of M S and H k have been taken from static measurements. It should noted that during the measurement of the CPS, no static magnetic field is applied. Consequently, the "zero-field" apparent damping parameter α app contains extrinsic contributions and some inhomogeneous frequency dependent line-width since the measurement is made in a non-saturated magnetic state [43, 44] . The results are presented in fig. 2(d) . Both the intrinsic damping parametrer measured by FMR α and the apparent damping parameter α app measured by CPS have the same thickness dependence. Because α app contains inhomogenous broadening, its value remains higher than the intrinsic one, α.
For lowest FM thickness (below 7 nm), the values of the apparent damping parameters are close to the one obtained from FMR. This suggest that at low thickness the contribution to the damping of the inhomogenous broadening is not significant. For the highest thickness (above 7 nm), the values of the zero-field damping parameter are much higher than the intrinsic damping parameter extracted from FMR due to a much more significant contribution of inhomogenous broadening. The lowest value of α app measured by CPS is 0.00703 at 6 nm. This value is lower than the values measured with CPS on some FeCo alloys such as FeCoTaN (0.015) [9] . On the other hand, it is close to the one obtained on FeCoB (0.008) [45] which is known to be a material with low damping interesting for applications in MTJs.
To conclude, we have successfully induced a UMA and magnetic softness in polycrystalline CoFeZr bilayers, demonstrating that they are not proper to the amorphous state of these alloys as has been considered for many decades. Our study reveals that the decrease of the effective magnetisation mesured with FMR is not due to perpendicular anisotropy but to low dimentionality. Moreover, we observed a decrease of the g-factor with thickness and a modification of the ratio of the orbital to the spin magnetic moment. For low thickness the g-factor decreases to 2.04 indicating very small spin-orbit coupling. Moreover, relaxation mechanisms are studied, showing nontrivial variation of the intrinsic damping parameter with the FM thickness. Finally, because of their large magnetization (M S ), their large UMA, their relative softness (i.e., low coercitive field H c ), our films exhibit very good high-frequency performance (i.e., high permeability in a broad frequency range and a low damping) even for thickness of about 6 nm. Indeed, because of their magnetostrictive properties, CoFeZr films may be used in Hybrid FM/Piezoelectric composite and should provide great opportunities for electric-field-controlled, low consumption energy, tunable microwave devices [12] . * * * This work was partly supported by Region Bretagne ARED (No. 3596).
